Radical-enhanced atomic layer deposition ͑REALD͒ of metallic copper films from copper͑II͒acetylacetonate and hydrogen radicals was studied. For this work, a new kind of REALD reactor was developed by adding a surface-wave launcher type of microwave plasma source to an inert gas-valved flow-type ALD reactor. The copper films, grown at 140°C, were polycrystalline, exhibited low resistivity, 15 ⍀ cm for a 25 nm thick film, and had relatively low impurity levels. The films had excellent adhesion, and they grew conformally. The successful incorporation of the radical source to the ALD reactor encourages the study of other challenging ALD processes. The current process for manufacturing copper interconnects in silicon-based microprocessors utilizes the electroplating technique with a thin physical vapor deposited ͑PVD͒ copper seed layer. With appropriate additives the electroplating process exhibits a superfilling behavior which results in a void-and seam-free filling of the high aspect ratio trenches and vias.
The current process for manufacturing copper interconnects in silicon-based microprocessors utilizes the electroplating technique with a thin physical vapor deposited ͑PVD͒ copper seed layer. With appropriate additives the electroplating process exhibits a superfilling behavior which results in a void-and seam-free filling of the high aspect ratio trenches and vias. 1, 2 The electroplating requires a conductive substrate and in principle the deposition could proceed directly on top of the diffusion barrier, but in practice a thin copper seed layer has been deposited on the diffusion barrier. In addition to improving adhesion, the seed layer also affects the nucleation and crystallographic texture of the electroplated copper. 1 The deposition of the copper seed layer is a challenging process; the seed layer must be deposited on the bottom and sidewalls of deep holes and trenches. Copper seed layers have conventionally been deposited using PVD methods. However, deposition of conformal films by PVD methods is difficult, and as the device aspect ratios increase, it becomes increasingly difficult to deposit a continuous and uniform seed layer with PVD.
Atomic layer deposition ͑ALD͒ is a variant of chemical vapor deposition ͑CVD͒, and it has recently been introduced in the Silicon Roadmap. 3 ALD is based on sequential, self-limiting surface reactions. In one ALD reaction cycle the substrates are exposed to one precursor at a time separated by inert gas purging periods. 4 Growth rates in ALD processes are usually expressed as film thickness deposited per one reaction cycle. One cycle generally results in 0.02-0.3 nm thick layer. 4 The self-limiting nature of the film-forming reactions in ALD ensures easy and precise thickness control. In practice, this is realized just by repeating reaction cycles until the desired thickness is reached. The precise thickness control makes ALD an ideal method for depositing extremely thin layers of materials. For the copper seed layer application, however, the most important feature of ALD is its inherent ability to produce conformal films, which makes it ideal for the future-generation microelectronic devices. For example, conformal aluminum oxide growth by ALD has been successfully demonstrated on Ͼ100:1 aspect ratio structures. 5 A limited number of publications have reported copper growth by ALD. [6] [7] [8] [9] [10] [11] The deposition of copper with ALD still remains quite problematic. One reason for this appears to be a lack of a good reducing agent. [6] [7] [8] [9] Also, it may be difficult for the metal precursors to adsorb firmly on metal surfaces if these are not covered by functional groups. One way to avoid the problem is to deposit a CuO layer first and then reduce it to metallic copper. 11 Recently, there have been a number of reports of depositing elemental thin films by ALD using hydrogen radicals as the reducing agent. [12] [13] [14] The processes have been either plasma enhanced ALD ͑PEALD͒ or radical enhanced ALD ͑REALD͒ processes. The difference between these two modifications of ALD is that in PEALD the substrates and the growing film are exposed to ion and electron bombardment as well as to radicals. The bombardment brings additional energy to the surface reactions but may also damage the growing film. In REALD the substrates and the growing film are exposed only to radicals and the effects of ion and electron bombardment are thus eliminated. Some binary compounds, such as Al 2 O 3 and Ta 2 O 5 have also been deposited with PEALD. 15, 16 So far the reactors capable of REALD growth have mostly been evacuation-type reactors, while the thermal ALD reactors are usually flow-type. 4, 14 Evacuation-type reactors typically have long cycle times because of long pump down periods. Long cycle times can be a limitation when considering the suitability of a process for commercial applications. Only one REALD reactor has been of the flow-type, but its precursor selection has been limited to external, high vapor pressure sources. 17 In this paper, we have constructed the first inert gas valved flow-type reactor suitable for REALD with also low vapor pressure precursors, and demonstrated its use in depositing copper thin films.
Reactor Design
The REALD reactor is based on ASM-Microchemistry F-120 flow-type reactor which was chosen because of its reliably working solid precursor feed system operated with inert-gas valving. 4 An open chamber version of the reactor was used instead of the more widely used compact quartz cassette, 4 to which it would have been very difficult to incorporate the radical source. A surface-wave-type plasma source, powered with a microwave source, Sairem GMP 03KE/D with IC 336, and launched by Sairem SURF451 surfatron was chosen because the plasma source is small, easy to operate, and, most importantly, the discharge can be made to extend very close to the substrates, yet still leaving them downstream of the discharge. For practical reasons, the plasma source was added to the opposite end of the reactor than the other sources ͑Fig. 1͒. The plasma source generates a traveling surface wave onto the inner wall of a quartz or glass discharge tube. 18 The tube itself passes through the cylindrical surfatron plasma source and into the ALD reactor through a plastic door. The plasma discharge column extends from the surfatron, and its length is adjusted by power setting and flow rates of gases running through the discharge tube. Increasing the power increases the surface-wave energy, and thus the length of the discharge column. With a fixed power, the column length is a result of the balance between radical production and recombination as a function of pressure. Therefore, there is an optimum in flow rate which maximizes the discharge column length. The length of the discharge is adjusted so that it does not reach the substrates. This protects the substrates from charged species. The plasma source is thereby operated in downstream configuration, and the reactor qualifies as an REALD reactor.
Experimental
Copper͑II͒acetylacetonate ͓Cu͑acac) 2 ] ͑Aldrich, 97%͒ was used as the copper precursor and was evaporated from an open boat at 125°C inside the reactor. Atomic hydrogen, used as the reducing agent, was produced by dissociating molecular hydrogen ͑AGA, 99.999%͒ with the plasma discharge. The hydrogen gas was mixed in argon ͑AGA, 99.99%͒ which was also used as the carrier and purge gas in the reactor. Both gases were purified individually using Aeronex GateKeeper gas purifiers to impurity levels below 1 ppb. Mixing hydrogen with argon was necessary to operate the plasma source with maximum discharge column length. If pure hydrogen was fed into the discharge tube, the discharge column was very short. The overall operating pressure of the reactor was approximately 1 mbar.
The hydrogen-argon gas mixture was pulsed along with the plasma power ͑Table I͒. The gas flow and the plasma power were at maximum during the hydrogen pulse. Otherwise, the plasma power was kept at a low background setting so that only a very short discharge column remained. The gas mixture flow rate during the hydrogen pulse was 60 sccm. The plasma power during the hydrogen pulse was 300 W, and the background power was 20 W. This kind of pulsing was required to sustain the plasma discharge throughout the film growth process because the ignition of plasma is not simple with this type of plasma source.
The copper films were deposited on several substrate materials: silicon, HF-etched silicon, silicon dioxide, glass, SiLK, 19 evaporated copper, and ALD grown TaN 20 and TiN 21 films. The deposition experiments were conducted at 140°C.
Film crystallinities were studied with grazing incidence X-ray diffraction ͑GIXRD͒. X-ray reflectivity ͑XRR͒ was used to measure the film thickness, density, and surface roughness. Both GIXRD and XRR measurements were conducted with a Bruker-AXS D8 Advance X-ray diffractometer/reflectometer operating in parallel beam geometry. The roughness values obtained by XRR were verified by atomic force microscopy ͑AFM͒ using a ThermoMicroscopes CP Research instrument. Impurity contents of the films were measured with time-of-flight elastic recoil detection analysis ͑TOF-ERDA͒.
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The film conformality was studied by cross-sectional SEM measured with Jeol JSM-7400F electron microscope. Sheet resistances of the films were measured with the four-point probe technique using a Keithley 2400-SourceMeter and Alessi C4S four-point probe head.
Results and Discussion
In general, the maximum deposition temperature for ALD is set by the thermal decomposition temperature of the metal precursor, which for Cu͑acac) 2 is about 250°C. 23 In the present study it was found important to keep the deposition temperature as low as possible, even though the copper growth occurs at least up to 200°C. The surface reactions in an ALD growth cycle are saturated when an increase in a pulse time does not produce a change in film thickness. The copper precursor pulse length required for the growth rate saturation was 1 s ͑Fig. 2͒. To avoid gas-phase reactions, the following purge period needs to be at least four times as long as the copper precursor pulse ͑Fig. 2͒, i.e., in the case of 1 s pulse, the purge period was 4 s. If the purge period was too short, the pulses overlapped which resulted in gas-phase particle formation and a decrease in the growth rate. The hydrogen pulse length required for the growth rate saturation was 5 s ͑Fig. 3͒. The following purge period was held for 3 s throughout the experiments, to let the flow through the discharge tube drop to zero. The saturated growth rate for this The effect of Cu͑acac) 2 pulse and purge period length on the growth rate. The H 2 pulse length for these experiments was kept at 5 s. The Cu͑acac) 2 pulse length experiments were done with four times longer purge periods ͑4-12 s͒, and the purge period experiments were done using a 1 s Cu͑acac) 2 pulse. The films were polycrystalline on both silicon and glass substrates. The films exhibited both ͑111͒ and ͑200͒ reflections ͑Fig. 4͒. The rms roughness values measured by XRR were in the range of 2-3 nm for about 25 nm thick films ͑Fig. 5͒, which is lower than what has been reported earlier for copper films. 10 The roughness values from AFM measurements varied between 2.5 and 3 nm ͑Fig. 6͒ for 25 nm thick films. These values are in good correspondence with the values obtained by XRR. Low roughness was evident also in the cross-sectional SEM images ͑Fig. 7͒. These images also confirm that the films were conformal. Conformality supports that the film growth occurs in the ALD mode, and the hydrogen radicals also reach the bottom of the trenches. Despite the grainy appearance seen in both AFM and SEM images, the roughness was low and conformality good, which are important properties for the seed-layer application. 1 The films had very good adhesion to all substrate materials, as examined by the tape test, which is a significant improvement to the weak adhesion reported in the previous works. [6] [7] [8] [9] [10] Film resistivities calculated from measured sheet resistances and film thicknesses were in the range of 15 ⍀ cm for 25 nm thick films. When the film thickness is less than the mean-free path of electrons in copper ͑39 nm͒, 24 scattering from interfaces increases the smallest obtainable resistivity value. 25, 26 Also, surface roughness and scattering from grain boundaries increase the film resistivity. Resistivities of thinner films could not be measured. There are at least two possible explanations for this, either the films are not yet continuous or the contact between the measuring tips and the film is not sufficient for the measurement to succeed. The noncontinuity of the films can be ruled out based on XRR measurements; the films, on which the measurements were unsuccessful, were 5-20 nm thick as measured by XRR. These measurements exhibited interference fringes ͑Fig. 5͒ which would not be present if the films were noncontinuous. Thus, the insufficient contact between the film and the measuring tips is more plausible, since the copper films were very thin, and they were very likely oxidized from the surface.
The effect of gas purification was studied in terms of film impurities to determine the robustness of the process. The copper films grown with the gas purification contained approximately 11 atom % An XRR measurement and a simulation curve of a 25 nm thick copper film on silicon. In the simulation, the thickness, surface roughness, and density for the copper layer were 24.14, 2.75, and 6.0 g/cm 3 , respectively. The silicon substrate had a surface roughness of 0.78 nm. oxygen, 2 atom % hydrogen, and 1 atom % carbon as analyzed by TOF-ERDA. Based on the oxygen and hydrogen desorption rates during the measurements, the actual oxygen concentration in the film bulk was less than 11 atom %, because a part of the oxygen seemed to be in the form of an adsorbed water layer. The films were exposed to air prior to the TOF-ERDA measurements, which explains the adsorption of water and which can also lead to oxidation of the film surface. The films grown without the gas purification contained approximately 12 atom % oxygen, 8 atom % hydrogen, and 5 atom % carbon. Again, oxygen and hydrogen desorption was observed during the measurement. The TOF-ERD analyses were complicated by the small thickness of the films. This combined with the ion beam induced desorption of oxygen, hydrogen, and carbon during the measurements limited the accuracy of the analysis of impurity levels in the film bulk. Nevertheless, the process seems to tolerate trace amounts of water and still form conductive copper. Additionally, the use of gas purification resulted in significantly lower Cu͑acac) 2 usage. One explanation for this could be that the Cu͑acac) 2 reacts with trace moisture from the carrier gas to form Cu͑acac) 2 •xH 2 O which evaporates more rapidly than Cu͑acac) 2 .
Conclusions
Copper thin films could be grown successfully with REALD on various substrate materials. The growth rate saturation was observed, and film conformality was confirmed. The films adhered well to all the substrates examined. The main concern for the seed layer application is the slow growth rate, but as the film roughness is quite small, the seed layer thicknesses can be reduced to the smallest value which still produces a continuous film. The integration of the plasma source to the inert gas valved flow-type reactor was successful as demonstrated by these results.
